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ABSTRACT
Knowing the high-energy radiation environment of a star over a planet’s formation and evolutionary
period is critical in determining if that planet is potentially habitable and if any biosignatures could
be detected, as UV radiation can severely change or destroy a planet’s atmosphere. Current efforts
for finding a potentially habitable planet are focused on M stars, yet K stars may offer more habitable
conditions due to decreased stellar activity and more distant and wider habitable zones (HZ). While
M star activity evolution has been observed photometrically and spectroscopically, there has been
no dedicated investigation of K-star UV evolution. We present the first comprehensive study of the
near-UV, far-UV, and X-ray evolution of K stars. We used members of young moving groups and
clusters ranging in age from 10 – 625 Myr combined with field stars and their archived GALEX UV
and ROSAT X-ray data to determine how the UV and X-ray radiation evolve. We find that the UV
and X-ray flux incident on a HZ planet is 5 - 50 times lower than that of HZ planets around early-M
stars and 50 - 1000 times lower than those around late-M stars, due to both an intrinsic decrease in K
dwarf stellar activity occurring earlier than for M dwarfs and the more distant location of the K dwarf
HZ.
Keywords: stars: evolution, stars: low-mass
1. INTRODUCTION
Astronomers have discovered thousands of exoplanets,
with an estimate for the occurrence rate of Earth-sized
planets in the habitable zone (HZ) around GK stars
of 22% (Petigura et al. 2013) from the Kepler mission
statistics. The Transiting Exoplanet Survey Satellite
(TESS ) is expected to detect yet another 3,500 plan-
etary candidates during its mission life (Ricker et al.
2009, 2014; Barclay et al. 2018; Huang et al. 2018).
While TESS is expected to discover ∼700 new planets
around K stars, none are expected to be in the HZ since
TESS is optimized to find planets with short orbital
periods, excluding the longer orbital periods of habit-
able zone planets around K stars (Barclay et al. 2018;
Huang et al. 2018). However, the PLAnetary Transits
tricheyy@asu.edu
and Oscillations of stars (PLATO) mission, which will
be optimized to find habitable zone planets around K
dwarfs, is expected to discover ∼30 HZ K dwarf planets
in the next decade (PLATO Definition Study Report,
2017).
Further research is being conducted on what stellar
characteristics increase the chances of HZ planets being
in fact habitable (e.g. Cockell et al. 2016; Kaltenegger
2017). This would require a balance of environmental
factors such as stellar lifetime, ultraviolet (UV) radia-
tion, stellar winds, and HZ width. Currently, the most
promising candidates for potentially habitable planets
are thought to be around M stars (2,400 – 3,700 K; 0.08
– 0.45 M; conservative HZ width 0.1AU, Kopparapu
et al. 2013); over half of all known HZ planets are around
M dwarfs. Rocky planets around these stars are more
easily detectable than around Sun-like stars due to favor-
able star-planet radius ratios, mass ratios, and shorter
periods (Charbonneau & Deming 2007). However, these
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Table 1. Mass estimates based on the spectral type to effective temperature
transformations of Pecaut & Mamajek (2013) and the evolutionary models of
Baraffe et al. (2015).
SpT TW Hya β Pic Tuc-Hor AB Dor UMa Hyades Field
10 Myr 24 Myr 45 Myr 149 Myr 300 Myr 625 Myr 5 Gyr
K0 1.30 0.98 0.90 0.93 0.92 0.92 0.89
K1 1.26 0.96 0.88 0.89 0.89 0.89 0.86
K2 1.20 0.93 0.86 0.86 0.86 0.86 0.83
K3 1.10 0.89 0.83 0.80 0.80 0.80 0.79
K4 0.98 0.83 0.80 0.75 0.75 0.75 0.74
K5 0.90 0.78 0.77 0.71 0.71 0.71 0.70
K6 0.78 0.74 0.72 0.63 0.65 0.66 0.65
K7 0.75 0.72 0.69 0.59 0.62 0.62 0.61
K8 0.72 0.71 0.66 0.57 0.60 0.60 0.60
K9 0.68 0.68 0.63 0.54 0.57 0.57 0.57
M0 0.59 0.62 0.60 0.51 0.56 0.53 0.53
M1 0.49 0.52 0.52 0.45 0.50 0.47 0.47
stars are typically the most active of all spectral types
and HZ planets around them are close-in and most likely
tidally locked (e.g. Checlair et al. 2017; Barnes & Rory
2017). Planets around M stars that were initially ex-
pected to be likely habitable, such as Proxima Centauri
b, are losing favorability due to excessive flaring (Mac-
Gregor et al. 2018). M stars have been shown to have
the largest levels of stellar activity during their pre-main
sequence, which lasts through the duration of the for-
mation of the planet and both its primordial and sec-
ondary atmospheres (Schneider & Shkolnik 2018; Shkol-
nik & Barman 2014). Additionally, the large magnetic
fields (∼kG) of most M stars has been shown to poten-
tially create magma oceans or partial melt the mantle
of close-in planets, leading to increased volcanism and
strong outgassing of greenhouse gases (Kislyakova et al.
2017, 2018). K stars (3,700 – 5,200K; 0.6 – 0.9M),
with conservative HZ width of 0.4AU, (Kopparapu et al.
2013) may offer super-habitable conditions due to de-
creased stellar activity, lower magnetic field strengths,
faster contraction onto the main sequence, and more
distant and wider HZs. The highest potential of finding
a truly habitable planet may lie with K stars.
The evolution of stellar activity as determined in the
near-UV (NUV), far-UV (FUV), and X-ray wavelength
regions has been studied in great detail for both GK
stars (e.g. Findeisen et al. 2011) and M stars (e.g. Stelzer
et al. 2013; Shkolnik & Barman 2014; Schneider & Shkol-
nik 2018) using archived Galaxy Evolution Explorer
(GALEX ; Martin et al. 2004) and RO¨ntgenSATellit
(ROSAT ; Truemper 1982) photometric data. However,
a comprehensive investigation of the high-energy radi-
ation environments of K-type stars has yet to be per-
formed. The purpose of this study is to fill in this gap
in our understanding of stellar evolution.
1.1. The Importance of UV Data
The UV radiation incident on a planet is a critical fac-
tor in determining if that planet is potentially habitable
and if any biosignatures could be detectable. UV ra-
diation ionizes and photodissociates some of the most
important molecules for the development of life (e.g.
H2O, H2, O2, CO2, H2S, and OCS) and signatures that
would be indicative of life (e.g. CH4, NH3, and N2O)
with potential for complete erosion of the atmosphere
(e.g. Kasting et al. 1993; Lichtenegger et al. 2010; Segura
et al. 2010; Hu et al. 2012). UV radiation can be split
into three regimes: the extreme-UV (EUV, 100-912 A˚),
the far-UV (FUV, 912-1700 A˚), and the near-UV (NUV,
1700-3200 A˚) as defined in Linsky & Gu¨del (2015). The
EUV heats and inflates a planets upper-atmosphere, ex-
acerbating its erosion (Koskinen et al. 2010; Lammer
et al. 2007). Other than very limited data from the
former Extreme Ultraviolet Explorer (EUVE ) satellite,
no information in this wavelength regime exists for stars
other than the Sun. Any missions observing in the EUV
will exclude most of the ionizing flux due to absorption
by the ISM. These values are crucial as photochemical
atmospheric models of HZ planets and abundance rate
models require an input of EUV stellar fluxes, currently
being interpolated from a limited number of FUV and
X-ray observations.
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Table 2. Number of K stars in each group or cluster.
Group/Cluster Age Input Observed in NUV Detected in NUV Observed in FUV Detected in FUV Detected in X-ray
[Myr] Sample by GALEX by GALEX by GALEX by GALEX by ROSAT
TWA 10 ± 3a 4 3 2 2 2 4
Beta Pic 24 ± 3b 30 21 19 16 15 27
Columba 42+6−4
a 14 11 10 10 5 4
Carina 45+11−7
a 3 1 1 1 1 3
Tuc-Hor 45 ± 4a 26 25 24 24 22 20
AB Dor 149+51−19
a 12 11 6 10 10 12
Ursa Major 414 ± 23c 12 7 3 7 7 8
Praesepe 600d 133 52 49 62 17 0
Hyades 625 ± 50e 169 110 97 92 30 52
Field ∼5000 310 229 169 211 152 107
References— (a) Bell et al. (2015), (b) Shkolnik et al. (2017), (c) Jones et al. (2015, 2017), (d) Kraus & Hillenbrand (2007), (e) Perryman
et al. (1997)
Realistic information regarding the evolution of the
NUV, FUV, and EUV is of the utmost importance for
using models to answer questions regarding planetary
atmospheres. UV radiation, in particular the ratio of
FUV/NUV, can impact the abundance rates and photo-
chemistry of the atmospheres in the production of hazes
in depleting atmospheres (Zerkle et al. 2012; Arney et al.
2017) and ozone in oxidizing atmospheres (Segura et al.
2003, 2005), both of which drastically alter the planetary
spectrum. This affects not only the composition, but
also the detectability and stability of the atmospheres
of these planets. For future missions such as the James
Webb Space Telescope (JWST ) that will focus on spec-
tra, a planet with a hazy or depleted atmosphere will
not make a good target.
1.2. The K Star Advantage
While current popularity resides among M stars as the
most likely to host identifiable habitable planets, stellar
variability, excess flaring and tidal locking in the HZ is
cause for concern (e.g. Shields et al. 2016). Early and
mid-K spectral-type stars have been suggested by Heller
& Armstrong (2014) to be “super-habitable”, i.e. the
probability of life on a planet orbiting in the HZ of one
of these super-habitable stars is higher than the proba-
bility of life on an Earth-sized planet orbiting in the HZ
of a G2V star. Cuntz & Guinan (2016) analyzed sev-
eral factors to determine the Habitable-Planetary-Real-
Estate Parameter (HabPREP), which depends on the
frequency of different stars, the rate of contraction onto
the main sequence, the size and longevity of the HZ, UV
and X-ray emission and flare frequency and power. They
individually determined that the highest probability of
having a habitable planet is in the early-K star regime.
The longer lifetimes of the continuous HZ of these types
of stars compared to F and G stars allow for life to
tune their environment and develop a more favorable
biosignature, whereas unmagnetized planets around M
stars may lose their atmosphere within the first 100 Myr
based on severe UV irradiance (Airapetian et al. 2017).
Lingam & Loeb (2017) find that K6V stars around 0.67
M would take the least amount of time for complex
life to develop since increased oxygen levels from UV
photolysis permit the emergence of complex life. Arney
et al. (2018) have independently concluded that there
is a similar K star advantage because a planet orbit-
ing a K6V star has the potential to produce detectable
CH4 and O2. However, the UV flux for most of these
calculations was assumed to be constant throughout the
timescale of the formation of life and could consequently
lead to incorrect determinants. K star UV evolution is
thus needed to determine the probability of planetary
habitability. The highest potential of finding a truly
habitable planet may lie with K stars.
2. THE K STAR SAMPLE
We compiled K stars in young moving groups (YMG)
and clusters ranging in age from 10 Myr to 625 Myr.
The associations included are TW Hydra (10 ± 3 Myr,
Bell et al. 2015), Beta Pictoris (24 ± 3 Myr, Shkolnik
et al. 2017), Columba (42+6−4 Myr, Bell et al. 2015), Ca-
rina (45+11−7 Myr, Bell et al. 2015), Tucana-Horologium
(45 ± 4 Myr, Bell et al. 2015), AB Doradus (149+51−19
Myr, Bell et al. 2015), Ursa Majoris (414 ± 23 Myr;
Jones et al. 2015, 2017), Praesepe (600 Myr, Kraus &
Hillenbrand 2007), and Hyades (625 ± 50 Myr, Perry-
man et al. 1997). In addition, we define a field star
sample as K stars within 30 pc to which we assign an
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Figure 1. Stacked histograms showing the mass distributions for the input and returned targets in the GALEX NUV for each
age group. Light blue represents the input sample, dark blue are the detections with no photometric flags, dark red are the
lower limits, and light red are the upper limits.
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Figure 2. Same as Figure 1 but for GALEX FUV targets.
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Figure 3. Percentages of targets detected by GALEX without any artifacts or flags compared to the input sample as a function
of stellar mass. Groups of similar ages were combined to avoid issues due to small number statistics. In the NUV, higher-mass
stars with a magnitude < 15, i.e. in the non-linear regime, were considered instead as lower limits. The low return of Hyades
and Praesepe members in the FUV is due to the clusters’ further distances of 47pc and 177pc, respectively (van Leeuwen 2009).
age of 5 Gyr. The sample was drawn from SIMBAD and
confirmed individually to not be close binaries or known
association members.
Taking into account the wide range of ages in this
study, we must consider how similar spectral types rep-
resent different masses over various ages. Using the
effective stellar temperatures in Pecaut & Mamajek
(2013) and the model isochrones from Baraffe et al.
(2015), we determine mass estimates for the spectral
types used in this work following Table 1. We used
masses from 0.6 – 0.9 M but allowed one spectral sub-
type lower and higher to account for spectral type un-
certainty.
The YMG members were identified by Gagne´ et al.
(2017) for TW Hydra; Shkolnik et al. (2017) for Beta
Pictoris; Malo et al. (2013) for Carina, Columba,
and AB Doradus; Kraus et al. (2014) for Tucana
Horologium; Montes et al. (2001) for Ursa Major; Wang
et al. (1995) for Praesepe; and Goldman et al. (2013) for
the Hyades. Due to the low number of K star members
in some of the age ranges, we combined groups of similar
age ranges to calculate the median and inner quartiles
for each age bin, as seen in Figures 1 and 2.
3. GALEX PHOTOMETRY
We cross referenced proper motion corrected coordi-
nates of our sample to GALEX using the GALEXview
tool1 with a search radius of 10′′. The NUV (1771 – 2831
A˚) and FUV (1344 – 1786 A˚) detectors have a non-linear
response at 104 counts s−1 and 34 counts s−1, respec-
tively, equivalent to a magnitude of ≈15 for both NUV
and FUV. Measured magnitudes less than 15 were thus
taken as lower limits. Additionally, we excluded detec-
tions with photometric flags for bright star window re-
flection, dichroic reflection, detector run proximity, or
bright star ghost. We visually inspected the GALEX
tiles for each observation to ensure that there was no
contamination that was not caught by the flags. A com-
parison of the number of objects that were in our input
sample, observed by GALEX, and were then resolved
with no photometric flags for each band can be seen in
Table 2 and Figure 3.
In the NUV, the higher mass objects were less likely
to have usable photometry, as they were too bright for
reliable photometric measurements. This is due to the
more massive stars being intrinsically brighter and satu-
rating the detector. For the Hyades and Praesepe clus-
ters, the low fraction of detections is most likely due
to their distances (47 pc and 177 pc, respectively; van
Leeuwen 2009).
For some objects there were multiple observations
with multiple exposure times, in which case we took
the weighted mean of the magnitude as our measure-
ment and the weighted standard deviations as our un-
1 http://galex.stsci.edu/galexview/
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Figure 4. Photospheric FUV and NUV flux densities calculated from the PHOENIX stellar atmosphere models as a function of
age. Increasing point size represents increasing mass of the star from 0.6 – 1.0 M. The 1.0 M model is included for reference
to the Sun.
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Figure 5. H-R diagram showing the evolutionary tracks of stars from 0.6 – 1.0 M using the results of Baraffe et al. (2015).
Representative ages have been labeled to help guide the reader. Comparing this with Figure 4, it is clear that the drastic
temperature change of pre-main sequence stars leads to a significant increase in the photospheric flux density, whereas the
temperature (and thus the photospheric flux density) of main sequence stars is fairly constant.
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Figure 6. Fraction of the photospheric NUV and FUV flux densities compared to the observed as a function of mass (left) and
age (right). Fractions above 1 are caused by uncertainties in the stellar mass, age, or model and were taken to be equal to 1 in
our analysis. Ages have been moved from abscissa for clarity.
certainty. All of the photometry can be seen in Table
4.
For the objects that were observed but not detected,
we calculated an upper limit for the object by repeating
the search with a 10′ radius and proceeding using the
method described in Schneider & Shkolnik (2018). The
objects that were measured with a magnitude <15 were
taken as upper limits. These were then addressed in the
same manner as the detections.
4. EVOLUTION OF THE PHOTOSPHERIC UV
EMISSION
One of the goals of the HAZMAT program is to pro-
vide measurements of FUV and NUV flux densities for
low-mass stellar models. Most low-mass stellar atmo-
sphere models predict photospheric emission only and
do not contain contributions from the stellar upper-
atmosphere, leading to an underestimate of stellar pho-
tospheric emission. Work is being carried out to include
contributions from these regions (i.e. Peacock et al.
2015, Fontenla et al. 2016), but observations are needed
to fully inform these models with empirical data in the
NUV and FUV.
The PHOENIX stellar atmosphere models (Hauschildt
et al. 1997, Short & Hauschildt 2005) were used to cal-
culate the photospheric NUV and FUV flux densities
of each K star in our sample using the stellar masses
derived in Table 1 and the age of the star. The evo-
lution of the NUV and FUV photospheric model flux
densities for select masses from 0.6 to 0.9 M with a
reference 1 M can be seen in Figure 4. As the mass in-
creases, the photospheric contribution becomes greater.
For each mass, the photospheric contributions become
nearly constant after the age at which contraction onto
the main sequence has ended, since the temperature of
the star does not significantly change after the pre-main
sequence evolution during the ages used in this study
(Figure 5).
Figure 6 shows the fraction of the photospheric flux
density compared to the absolute observed values for the
YMG members and field stars as a function of both mass
and age. The NUV has a higher fraction of photosphere
compared to observed flux, with most of the contribu-
tion being between 10 and 100%. Values reported that
were larger than 100% are due to uncertainties in both
the mass and age of the star and were taken to be 100%
photospheric. The photospheric FUV flux density was
typically <1%. For both the NUV and the FUV we see
a decrease in photospheric flux with decreasing mass,
although this trend is much steeper for the FUV, where
the photospheric contribution becomes negligible. With
increasing age, we see an increase in photospheric con-
tribution equally for both NUV and FUV flux densities.
For each of the YMG members and field stars, we
subtract the photospheric contribution derived from the
PHOENIX models from the absolute observed GALEX
flux densities to calculate the excess emission, represen-
tative of upper-atmosphere activity.
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Figure 7. Absolute NUV (left) and FUV (right) excess flux density (i.e. photosphere-subtracted). The cyan diamonds represent
the median value of the detections, upper limits, and lower limits for each age group. The error bars represent inner quartiles.
Upper limits are shown by downward triangles and lower limits with upward triangles. Ages have been moved from abscissa for
clarity. Typical errors are smaller than the markers.
5. EVOLUTION OF THE OBSERVED NUV AND
FUV EMISSION
With the second data release of Gaia (Gaia Collabo-
ration et al. 2018), accurate distances to all objects in
our sample are available. Therefore, we investigate the
absolute GALEX NUV and FUV flux densities rather
than analyzing them relative to the Two Micron All-Sky
Survey (2MASS) J-band, such as in Shkolnik & Barman
(2014) and Schneider & Shkolnik (2018).
To explore the evolutionary trends, we convert the
GALEX reported magnitudes to flux densities in µJy
using
fGALEX = 10
23.9−mGALEX
2.5 (1)
where mGALEX is the GALEX FUV or NUV mag-
nitude. These values were then translated to absolute
fluxes using the known distances from Gaia Data Re-
lease 2 (Gaia Collaboration et al. 2018). Because we
are interested in the excess UV contribution from the K
stars, we calculated the photospheric contribution using
the PHOENIX models as described in section 4 and sub-
tracted these from the flux density calculations reported
in GALEX.
Figure 7 shows the evolution of the excess NUV and
FUV flux densities as a function of age. Both the NUV
and FUV decrease in time. The slope of the decrease is
much more gradual for the NUV than that of the FUV
and the values obtained for early M stars in Shkolnik
& Barman (2014) and mid- to late M stars in Schnei-
der & Shkolnik (2018). Unlike both Shkolnik & Barman
(2014) and Schneider & Shkolnik (2018) where the me-
dian values remain constant up until 625 Myr and then
distinctly drop off, we see a more gradual decrease in
time starting at 100 Myr in the FUV. The wide spread
comes from intrinsic astrophysical variation and perhaps
initial spin rate, which has been shown to cause large
spreads in the X-ray due to the bimodal distribution of
stellar rotation in young open clusters for solar-like stars
(Gondoin 2017, 2018). Additionally, the uncertainty in
stellar ages beyond the age of the Hyades may cause
increased variation among the field stars.
Figures 8 and 9 show the distribution of the NUV
and FUV excess flux for the different age groups. The
scatter in the FUV ranges from 1.5 – 3 orders of magni-
tude, similar to Shkolnik & Barman (2014). Shkolnik &
Barman (2014) and Schneider & Shkolnik (2018) see a
change in the median FUV value of about 1.5 orders of
magnitude for stars with masses 0.35 – 0.6 M, whereas
for the K stars we see a shift of only 1 order of magni-
tude. For the NUV, the scatter ranges from 1 – 4 orders
of magnitude, with the scatter increasing for the older
age groups. The slopes of the NUV and FUV excess flux
density vs age curves are found in Table 3. These trends
can be used to predict flux densities and their ranges for
K stars in the NUV and FUV bands.
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Figure 8. Histogram of NUV excess flux densities. Median
values are shown by cyan dashed lines. The yellow areas rep-
resent the inner quartiles. Upper limits are shown in white
and lower limits in gray. The negative infinity values are
stars with zero excess.
5.1. Mass Distributions
Figure 10 is the same as Figure 7 but broken down by
mass group. In both the NUV and FUV, we see that in
general, all three mass groups follow the trends of each
other. This is counter to the trends seen in Schneider
& Shkolnik (2018), where the late M stars remain ac-
tive much longer than early M stars. Even though the
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Figure 9. Same as Figure 8 but for FUV excess flux density.
Median values are shown by cyan dashed lines. The yellow
areas represent the inner quartiles. Upper limits are shown
in white and lower limits in gray.
higher-mass stars have a larger contribution from the
photosphere that is being subtracted off to yield the ex-
cess, the intrinsic flux of the higher-mass stars is large
enough that the excess flux is still largest for higher-
mass stars throughout most of the evolutionary period.
However, once the stars reach field age, the photospheric
contribution becomes so large that most of the excess
flux for higher-mass stars approaches zero.
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Typical errors are smaller than the markers.
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Figure 11. Ratio of FUV Excess to NUV Excess as a func-
tion of mass. The ratio is clearly mass and age dependent.
6. THE RELATIONSHIP BETWEEN GALEX FUV
AND NUV FOR K STARS
6.1. FUV / NUV
The ratio of FUV to NUV is valuable in understanding
the photochemistry of terrestrial planet atmospheres.
Segura et al. (2005) showed that lifetimes of the biogenic
gases CH4, N2O, and CH3Cl are actually increased, al-
lowing a higher probability of being detected. However,
the FUV to NUV ratio also sets the abundance rates
of molecules such as CO2, O2, and O3, as the FUV will
break down CO2, forming O2 and O3, the latter of which
0.00.10.20.30.40.50.60.70.80.9
Mass M¯
10−2
10−1
f F
U
V
/f
N
U
V
Young (< 50 Myr)
Old (∼5000 Myr)
Figure 12. Ratio of FUV to NUV as a function of mass for
K stars (opaque) from this work and M stars (translucent)
from Schneider & Shkolnik (2018). In this case the photo-
sphere has not been subtracted for either K or M stars.
will be destroyed by the NUV. This abiotic oxygen and
ozone can thus produce false-positive biosignatures (e.g.
Domagal-Goldman et al. 2014; Tian et al. 2014; Harman
et al. 2015).
We calculate FUV/NUV excess flux densities as a
function of mass for stars with both NUV and FUV
flux densities, as seen in Figure 11. The trends seen in
Schneider & Shkolnik (2018) continue into the K-star
regime, with increasing separation between the young
and old stars as the stellar mass increases, demonstrat-
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Figure 13. FUV excess flux density versus NUV excess flux density for different mass bins. The parameters for the best fit
lines can be found in Table 3. The zero excess points were not included in the calculation of the trend lines. Typical errors are
smaller than the markers.
ing that the FUV/NUV ratio is both mass- and age-
dependent.
6.2. NUV vs FUV
When comparing the NUV to FUV excess flux density,
we do not see the same tight correlations as Shkolnik &
Barman (2014) nor Schneider & Shkolnik (2018). In-
stead, we see in Figure 13 that with increasing mass
(i.e. earlier spectral type), the scatter becomes greater
and the correlation worsens. We calculated both a Pear-
sons R2 statistic (Pearson 1895) and a Spearman Rank
correlation value (Spearman 1904) for each K spectral
type mass range. The results can be seen in Figure 14.
In both tests we see a similar trend, where the highest
mass (i.e. earliest spectral type) stars have correlations
generally with ρ < 0.5 and lower mass (i.e. later spec-
tral type) stars have correlations generally ρ > 0.5. This
trend also appears in Miles & Shkolnik (2017).
The reason for this decrease in correlation with higher
mass can most easily be seen in analyzing the model pho-
tospheric fluxes in Figure 4. In comparing the model
values of a single mass from 10 Myr – 5 Gyr, the pho-
tospheric flux density of a 0.6 M star changes by no
more than a single order of magnitude. However, the
photospheric flux density of a 0.9 M star is much more
prevalent and changes by as much as four orders of mag-
nitude. The scatter in the FUV excess flux density vs
NUV excess flux density then comes from differences in
age, whereas the intrinsic scatter of a single age group
is much smaller.
7. X-RAY EVOLUTION
The X-ray flux has frequently been used as a stellar
activity diagnosis (e.g. Jackson et al. 2012; Booth et al.
2017). X-ray wavelengths may be used in conjunction
with the NUV and FUV to interpolate into the EUV,
which is most powerful in understanding the photodisso-
ciation of molecules in a planet’s atmosphere. To com-
pare X-ray and UV data, we cross-referenced our sample
of K stars with the Second ROSAT All-Sky Survey Point
Source Catalog (2RXS, 5-124 A˚; Boller et al. 2016) with
a search radius of 38′′, which was determined by Voges
et al. (1999) to be the 3σ positional error. We then used
the hardness ratio and the count rate to convert to flux
FX in in erg s
−1 cm−2 using the empirical fit of Schmitt
et al. (1995). The number of detections can be seen in
the last column of Table 2.
As can be seen in Figure 15, the X-ray flux remains
steady through the age of Tucana-Horologium (45 Myr)
and decreases by the age of AB Doradus (150 Myr), sim-
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Table 3. Fits to log(y) = m ∗ log(x) + b in logarithmic space.
log(x) log(y) Subset Slope (m) Intercept (b) R2 No.a
[µJy or Myr] [µJy]
NUV Excess FUV Excess 0.5 - 0.6 M 0.784 ± 0.177 -0.107 ± 0.594 0.399 6
NUV Excess FUV Excess 0.6 - 0.7 M 1.086 ± 0.039 -1.387 ± 0.120 0.493 61
NUV Excess FUV Excess 0.7 - 0.8 M 0.583 ± 0.025 0.033 ± 0.091 0.328 75
NUV Excess FUV Excess 0.8 - 0.9 M 0.463 ± 0.074 0.605 ± 0.297 0.124 27
NUV Excess FUV Excess 0.9 - 1 M 0.231 ± 0.123 1.750 ± 0.502 0.061 5
NUV Excess FUV Excess All 0.663 ± 0.016 -0.174 ± 0.056 0.418 174
X-ray NUV Excess All 0.360 ± 0.009 -6.888 ± 0.097 0.281 110
X-ray FUV Excess All 0.665 ± 0.012 -4.717 ± 0.130 0.745 130
Age NUV Excess 10 Myr - 150 Myr 0.003 ± 0.472 -10.635 ± 0.836 0.000 3
Age NUV Excess 150 Myr - 5 Gyr -0.536 ± 0.343 -9.498 ± 0.976 0.877 3
Age FUV Excess 10 Myr - 625 Myr -0.266 ± 0.257 -11.280 ± 0.495 0.968 4
Age FUV Excess 625 Myr - 5 Gyr -0.987 ± 0.426 -9.275 ± 1.414 1.000 2
Age X-ray 10 Myr - 150 Myr -0.424 ± 0.467 -9.612 ± 0.746 0.981 3
Age X-ray 150 Myr - 5 Gyr -0.923 ± 0.285 -8.522 ± 0.881 0.999 3
aNumber of data points used in each fit.
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Figure 14. Pearson’s R2 correlation statistic and Spearman
rank correlation for the trends seen in Figure 13. The corre-
lations become worse at higher mass most likely due to the
larger variation of photospheric contribution in age, as seen
in Figure 4.
ilar to the trend in FUV. These results are also seen in
Jackson et al. (2012), who see that FGKM stars remain
saturated in the X-ray until about 100 Myr. We derive
a slope of (−0.906± 0.079)log(t) from 150 Myr - 5 Gyr
(Table 3).
A histogram of the range in X-ray values for each age
can be seen in Figure 16. The flux for each age ranges
from 1-3 orders of magnitude, similar to the NUV and
FUV values. Again, the wide spread likely comes from
the bimodal distribution of stellar rotation in young
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Figure 15. Same as Figure 7 but for X-ray flux (as com-
pared to flux density).
open clusters for solar-like stars (Gondoin 2017, 2018)
and uncertainty in stellar ages up to 10 Gyr among the
field stars.
Unlike for the early-M stars in Shkolnik & Barman
(2014), we do not see a clear distinction between young
X-ray emitters and old emitters when looking at the
UV flux compared to the X-ray flux (Figure 17). This
may be due to larger spread in x-ray flux we see at the
younger ages of K stars (Figure 16) and the more grad-
ual decrease of the x-ray flux with age (Figure 18) as
compared to the M stars in Shkolnik & Barman (2014),
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Figure 16. Same as Figures 8 and 9 but for X-ray flux.
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leading to an undefined distinction between young and
old emitters.
Figure 18 shows both the K and M star NUV, FUV,
and X-ray fluxes (as opposed to flux densities) from
this work, Shkolnik & Barman (2014), and Schneider
& Shkolnik (2018). The M-star work was done relative
to the J band flux, as the distances to the stars were
not all known. We have therefore redone this work rela-
tive to the J band flux for comparison with the M stars.
The results are extremely similar except for the K dwarf
NUV median value at 150 Myr, which is noticeably ele-
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Figure 17. NUV and FUV Excess flux against X-ray flux
from ROSAT for those stars with detections in both. Equa-
tions for the two fits are reported in Table 3.
vated. This is most likely due to small numbers in that
age bin and uncertainties within the model photosphere,
yet is still consistent within the inner quartiles seen in
Figure 7
Comparing the K stars to the M stars, we see in both
the FUV and the X-ray that at the age where a planet
is forming its atmosphere (10 - 500 Myr; see Schaefer
& Fegley 2010, and references therein), the K star flux
has dropped below that of the M stars, meaning that
any primordial atmosphere has a lower chance of being
destroyed. In comparing the X-ray medians to those of
the NUV and FUV, we see that the X-ray flux dominates
during the young ages of the stars, then falls below the
NUV values after 650 Myr, a trend also seen in the M
dwarfs of Shkolnik & Barman (2014).
8. UV AND X-RAY FLUX AT THE HABITABLE
ZONE
To better understand the habitability of planets
around K stars, we need to understand what the UV
and X-ray flux incident on a planet in the habitable
zone would be. Using the radii and effective tempera-
ture estimates of Baraffe et al. (2015), we calculated the
HZ distance as a function of age for a K star (0.8 M),
an early-M star (0.4 M), and a late-M star (0.1 M)
using Equation 3 of Kopparapu et al. (2013):
d = (
R2 · T 4eff
Seff
)0.5AU, (2)
where the stellar radius R and effective temperature Teff
are given in solar units and Seff is the stellar photo-
spheric flux at the HZ, which is strictly a function of
the stellar temperature. The stellar flux at the HZ for
each star was interpolated from the Seff values given in
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Figure 19. (a) Habitable zone distance from the star for a K star (0.8 M), an early-M star (0.4 M), and a late-M star (0.1
M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zones. The color regions correspond to key planetary evolutionary periods outlined in Figure 18. (b, c, d) NUV, FUV, and
X-Ray median excess flux in the conservative (opaque) and optimistic (translucent) habitable zone ranges, respectively.
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Kopparapu et al. (2014) for temperatures from 2600 K -
7200 K. The HZ distances are shown in Figure 19a as a
function of age. The opaque regions represent the con-
servative habitable zones and the translucent regions are
the optimistic habitable zones. The size of the K-dwarf
HZ is about twice as large as that of the M-stars and
farther from the star by at least 0.4 AU.
We then calculated the range of NUV, FUV, and X-
ray median values in the HZ at each age, as seen in
Figures 19b, 19c, and 19d, respectively. In each of the
plots, the K-star flux levels are below those of the M-
stars by at least five times for the early-M stars and at
least 50 times for the late-M stars. The initial rise in the
NUV, FUV, and X-ray flux of all of the M stars is due to
the HZ becoming closer-in to the star as the star ages,
thus increasing the UV and X-ray flux in this region. For
this reason, the UV and X-ray HZ flux of late-M stars is
larger during the early stages of planet evolution than
when the planet was initially formed. Conversely, the
UV and X-ray HZ flux of K stars decreases from the
time of planet formation, thus allowing more suitable
conditions for the development and detectability of life,
perhaps garnering K dwarfs the “superhabitable” label.
9. IMPLICATIONS AND CONCLUSIONS
Because of their high-energy radiation environments,
more frequent flaring, and tidally locked planets, M stars
may not be the most suitable locations for finding hab-
itable planets. Instead, if high UV emission is detrimen-
tal, then K stars offer a more favorable UV environment
throughout the key evolutionary period of the planet
and its atmosphere due to wider habitable zones and
faster contraction onto the main sequence.
Using GALEX and ROSAT photometry, we calcu-
lated the NUV and FUV excess (i.e. photosphere
subtracted to yield the emission from the upper-
atmosphere) flux densities and X-ray flux levels from
young moving group members, clusters, and field stars
ranging from 10 Myr to 5 Gyr. We find that the FUV
and X-ray fluxes remain constant for ∼100 Myr be-
fore decreasing, as compared to M stars, which remain
constant until ∼650 Myr (Shkolnik & Barman 2014;
Schneider & Shkolnik 2018). To determine the extent of
the potential “super-habitability” of K stars, we also an-
alyzed these results within the habitable zones of K and
M stars. We find that the UV and X-ray flux incident
on a planet is 5 - 50 times lower than that of early-M
stars and 50 - 1000 times lower than that of late-M
stars (depending on age). These UV and X-ray levels
offer a much more suitable environment and a higher
probability of planet habitability and the detection of
any biomarkers.
These results should be used to advise estimations of
the extreme-UV, for which very little data currently ex-
ist. The EUV fluxes are some of the most effective
measures of chemical alteration, as the photodissocia-
tion cross-sections are the largest for most molecules in
this regime. The EUV flux is expected to follow the
trends of both the FUV and X-ray emission. Therefore,
we would expect the EUV to decline as early as ∼100
Myr.
The ratio of FUV to NUV is an important determi-
nate in the probability of detecting a habitable planet.
Larger ratios allow for longer lifetimes of biogenic gases
such as as CH4, N2O, and CH3Cl, leading to a higher
probability of detection. However, this ratio also affects
the abundances of abiotic molecules such as CO2, O2,
and O3 that may lead to false positive signatures. We
find that this ratio is both mass- and age-dependent for
all K spectral types.
While these results are informative of median UV and
X-ray fluxes incident on K star planets during the early
stages of their evolution, this does not entail a higher
probability of habitability in the case of all K dwarfs.
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